Autism and schizophrenia are of particular interest because new developments in genomic medicine address three aspects of the conditions that have been difficult, thus far, to resolve: their heterogeneity, from subclinical manifestations to disorders that are gravely disabling; the genetic basis for their high heritability; and the persistence of disorders in light of their high heritability but low reproductive success they convey. The origins of autism and schizophrenia, their persistence and heterogeneity can be understood by integrating information from genomic science, the social brain and the evolution of socialization, intelligence and language. Both conditions are associated with structural changes in the genome, specifically copy number variants. Such systemic mutations contribute to an unstable and mutable genome and have been especially notable during primate > hominid evolution. Along with mechanisms that affect gene expression, they contribute to a genome characterized by variability and evolvability. A dynamic and variable genome is reflected by a high degree of phenotypic variation. This, in turn, is reflected in the diversity of neurodevelopmental disorders, in particular autism and schizophrenia. Evolvability is more than a dispositional concept, it is a trait in its own right. In the special case of hominid evolution, evolvability has been both an independent and a dependent variable. Evolution of the modern human brain seems to have arisen during the cultivation of unstable regions in the genome that were conducive to a high degree of inter-individual and inter-generational variation. The consequence of even small aberrations in evolutionary processes and phenotypic variations is most likely to be manifest in the functions of the social brain: self-referential processing, perspective taking and the dual components of empathy; also language as well as intelligence itself. The trade-off is a dynamic genome that can rearrange itself in untoward ways and may be felt in one or more of the above functions. The occurrence of neurodevelopmental disorders ranging from the learning disabilities and ADD to autism and schizophrenia, are epiphenomenal to a genome that is unstable and mutable. The selective advantage of such a genome is the runaway evolution of positive prosocial and intellective traits. If there is a core to the pathology that emerges in autism and schizophrenia, it is at the genomic level, and is probably related to the unique evolvability of the human genome. Genetic transformation as an agent of evolvability is necessarily associated with untoward consequences. Just as point mutations may have deleterious effects, so do genomic transformations. The neurodevelopmental disorders, therefore, are the consequence of evolvability.
Introduction
Although autism and schizophrenia are distinct disorders, with only a small amount of clinical and genetic overlap, they have certain features in common. One is their heterogeneity. Within each group, patients differ in virtually every salient characteristic, including symptomatology, intellectual and functional abilities, neurocognitive strengths and weaknesses, neuropathological correlates, prognosis and response to treatment. A second commonality is their particular association with aberrant modes of thought, disordered communication and deficits in social relating. Autism and schizophrenia are both global afflictions of the highest reaches of brain organization C. T. GUALTIERI
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OJMP 162 and although they are very different, with respect to etiopathogenesis, they are both mysteries. There is another element that the two conditions share: they are both highly heritable disorders but they are also associated with low reproductive success. The inevitable question, then, is why they exist at all. One would expect them simply to have gone extinct. Nevertheless, both conditions occur in all corners of the world with similar frequency and as far as we can determine they always have.
The origins of autism and schizophrenia, their persistence and their bedeviling heterogeneity can be understood by integrating information from genomic science, the social brain and the evolution of socialization, intelligence and language. If the data cohere sufficiently to warrant a theory, it is that the evolution of the highest components of human psychology was generated by an unstable and mutable genome that is also prone to occasional but potentially devastating errors, and that such errors are the consequence of genomic transformations. The idea I propose is that autism and schizophrenia aredisorders of evolvability [1, 2] .
Neurodevelopmental Disorders
The premise is that autism and schizophrenia are both neurodevelopmental disorders, conditions with an origin in gametogenesis or embryogenesis affecting neural development and plasticity [3] . Such conditions tend to be diverse in their clinical characteristics and prone to high rates of co-occurrence with other neurodevelopmental conditions. They are highly heritable but studies have only discovered multiple genes that are probabilistic in their association with the disorders and that are frequently associated with more than one neurodevelopmental disorder.
The neuropathological correlates of the neurodevelopmental disorders are as diverse as the conditions themselves and the number of identified candidate genes: for example, aberrations in neuronal survival, differentiation and migration, connectivity, specification of axons and dendrites, myelination, growth processes, innervation of target cells, programmed cell death, synaptogenesis, the organization of effective and efficient neural networks and so on. Gross abnormalities in brain architecture are associated with severe mental handicap, sensory and motor impairments of the first order and intractable epilepsy. Most of the neurodevelopmental disorders, including ADHD, the learning disabilities, autism and schizophrenia have been associated with morphological aberrations in the brain but the differences from normal are small, inconsistent and non-specific.
Autism is a prototypical neurodevelopmental disorder. Schizophrenia is not so clearly defined as such, and although substantial evidence has accrued to suggest that schizophrenia is a disorder of brain development and plasticity, other hypotheses are also current [4] . The neurodevelopmental hypothesis of schizophrenia asserts that the underlying pathology has its roots in brain development even though the full impact of the abnormalities may not be manifest until adolescence or early adulthood [5] [6] [7] . The delayed onset of schizophrenic symptoms and deficits may be a function of epigenesis or heterochronic genes or it may reflect the vulnerability of disordered neural networks to environmental events.
New developments in genomic medicine have proven to be particularly salient to the neurodevelopmental disorders. With respect to autism and schizophrenia, they address three aspects of the conditions that have been difficult, thus far, to resolve: their heterogeneity, ranging from subtle, subclinical manifestations to disorders that are gravely disabling; the genetic basis for their high heritability; and the evolution of the disorders in light of the low reproductive success they convey.
Genomic Disorders
Traditionally, the category of genetic disease has referred to inherited traits that segregate in a Mendelian fashion and result from base pair changes that alter an encoded protein's structure, function or regulation. Genomic disorders are different; they are caused by structural changes in DNA that occur by virtue of architectural features of the genome that render a portion of it unstable [8] [9] [10] . As a rule, the normal copy number of a gene is two, one copy inherited from each parent. However, since the advance of whole-genome assays by array or DNA sequencing technologies we have learned that genomic transformations, including rearrangements resulting in alterations from the normal gene copy number, are quite common. They also happen to be related to CNS disorders that present as neurodevelopmental disorders in early life or in later life as psychiatric disorders or neurodegenerative disease [11] . Such conditions are heritable although they may also occur sporadically [12, 13] .
Thus a theory of genomic disorders has emerged. In such conditions, the conveyed clinical phenotype does not result from a point mutation, but rather from structural rearrangements of DNA sequences within or among the chromosomes. The structural variations that ensue may be deletions or duplications of a DNA segment, or balanced rearrangements such as inversions and translocations [14] . Collectively they are known as copy number variations (CNVs). Examples of specific genomic disorders are the Williams syndrome and the SmithMagenis syndrome, genomic disorders caused by deletions. Charcot-Marie-Tooth disease type 1A is related to a duplication [15] . Disorders with such structural variations may be caused by dosage effects of single or multiple genes [16] .
Although the mechanism(s) that govern such events are not well understood, genomic transformations, and in particular rearrangements, tend to occur in unstable regions of the genome identified by the occurrence of region-specific repeat sequences, called "low copy repeats" (LCRs, or segmental duplications, SDs) because they are not highly repetitive. LCRs can contain one or multiple genes, pseudogenes, gene fragments, retroviral sequences, regulatory regions, or other paralogous segments [17] . LCRs are often found in pericentromeric and subtelomeric regions of human chromosomes [18] , but they may also be found in interstitial regions. The size, relative orientation, distance between copies, and shared percent identities of the LCRs are factors that render the genomic region susceptible to rearrangement and probably influence the type of rearrangement which occurs [19] .
Such structural changes (CNVs) are present across the entire human genome and they often contain partial or complete gene sequences. They occupy about 12% of the human genome and they occur in normal, healthy individuals as well as in association with disease [20, 21] . In fact, most of the bases that vary among genomes reside in CNVs [22, 23] and population-based surveys have identified thousands of them. Their functional impact has been demonstrated across the full range of biology [24] , from cellular phenotypes such as gene expression [25] , to all classes of human disease with an underlying genetic basis: sporadic, Mendelian, complex and infectious [26, 27] . Genome-wide studies have indicated the extraordinary impact of these processes and our own species is remarkable for numerous large segmental duplications [28, 29] .
Since at least half of the CNVs detected so far overlap with protein-coding regions ) they affect the behavior of genes. One member of a pair of duplicated genes may retain its original function while its paralogue either disappears by accumulation of detrimental mutations or acquires beneficial mutations that confer new, positively selected functions [30] . CNVs can directly influence gene dosage, the number of copies of a gene in a cell; thus, gene expression can be altered by higher and lower gene dosages [31] . Deletions are capable of removing a gene entirely or they can result in the unmasking of a recessive allele that would normally not be expressed. CNVs can also affect gene expression indirectly by interacting with regulatory elements [32] .
CNV burden is relevant to perennial problems that have complicated the study of neurodevelopmental disorders in particular and neuropsychiatric disorders in general: the problem of syndromic heterogeneity, the diversity of the conditions, their occurrence in pure form in small numbers of individuals and in partial or subclinical forms in a great many more; the problem of comorbidity, the co-occurrence of elements of more than one disorder in an individual; the problem of heterochronicity, the appearance of one condition at a point in time and then a transition to another later on; and the problem of familial diversity, the fact that most such conditions do not "breed true" but are present in different forms in family members [33, 34] . And as it happens, autism and schizophrenia are two neurodevelopmental disorders that possess all of these qualities and that also carry a comparatively high CNV burden [35] [36] [37] [38] [39] [40] .
The CNVs that are statistically over-represented in schizophrenia are also significantly associated with other disease phenotypes. For example, the 22q11 microdeletion is associated with schizophrenia and Velocardiofacial syndrome [41] , as well as anxiety, depression, attention-deficit hyperactivity disorder, obsessive-compulsive disorder and autism spectrum disorders [42] . Deletions and duplications at 1q21 are associated with schizophrenia [43, 44] and multiple pediatric phenotypes, including developmental delay and congenital malformations [45, 46] . Deletions at 15q13.3 are associated with schizophrenia, generalized epilepsy [47, 48] and mental retardation [49] . Similarly, microduplications of 16p11.2 are found to be significantly associated with schizophrenia, autism, and bipolar disorder [50, 51] . The majority of genes thus identified are disproportionately associated with pathways important for brain development, including synaptic long-term transmission, neuregulin and integrin signaling and axonal guidance [52] .
A Dynamic Genome
Genomic transformations are associated with susceptibility to disease, especially neuropsychiatric disorders, but also cancers and even infectious diseases. But that is not their primary role; like genetic mutations, they can have deleterious consequences, but their role in biology is to foster inter-individual genetic variations as well as variation from one generation to the next [53] [54] [55] .
Although CNVs were at one time thought to be rare among healthy individuals, they are now recognized as a major source of inter-individual genetic variation There are at least 255 loci across the human genome that contain structural variations among unrelated individuals; no fewer than 24 were found to be present in >10% of normal individuals. Half of these regions overlap with genes, and many coincide with segmental duplications or gaps in the human genome assembly [56] . Thus they are central to reproductive fitness and speciation. Disease susceptibility are the occasional untoward consequences of a dynamic and inherently unstable genome.
CNVs represent one of the most dynamic forms of human genetic variation from one generation to the next [57] . The rate of de novo CNVs from one generation to the next seems to be higher than the rate of new base mutations (approximately 1.7 × 10 −6 per locus per gener-C. T. GUALTIERI
OPEN ACCESS OJMP

164
ation for CNVs compared with 1.8 × 10 −8 for sequence variations) [58] . Locus-specific mutation rates for genomic rearrangements appear to be two to four orders of magnitude greater than nucleotide-specific rates for base substitutions [59] . What we have, therefore, is a mechanism of structural rearrangement that allows multiple forms of a gene to co-evolve and to rapidly reorganize the genome [60, 61] . The fact that the amounts and types of repetitive DNA varies between organisms may reflect how rapidly a species is capable of evolving to changes in its environment. Such benefits, however, come with risks. For example, repetitive DNAs serve as substrates for chromosomal rearrangements that include diseasecausing deletions, inversions, and translocations [62] .
Genomic transformation as an agent for adaptive change appears to be a recent development. Pre-primate evolution was largely driven, it seems, by point mutations or whole-genome duplication. Compared with other mammals, however, the genomes of humans and other primates show an enrichment of large, interspersed segmental duplications (SDs) with high levels of sequence identity. During primate and hominid evolution there seems to have been an excess of genomic rearrangements, providing ample substrate for novel juxtapositions and selection. Studies have also suggested a nonuniform rate of duplication throughout primate evolution with an excess of the duplication rate at the time of the hominoid common ancestor [63] . Most of the known recoding editing events in mammals occur in brain-specific genes that have gone through multiple gene duplication events generating sequence-related sub-units and whose primary transcripts are also subject to a high degree of alternative splicing [64] .
Man, gorilla, and chimpanzee likely shared an ancestor in whom the fine genetic organization of chromosomes was similar to that of present man. Eighteen of our chromosome pairs are virtually identical to those of orangutan, gorilla, chimpanzee and our presumed common hominoid ancestor and the remaining pairs are only slightly different [65] . We share 98.5% homology at the DNA level and 99.4% identity at functionally important regions [66] . Recent research, however, has revealed more genetic dissimilarity between humans and the great apes than anticipated on the basis of high-resolution chromosome analysis, leading to the identification of novel human genes, many of which lack antecedents in other mammalian species, and suggesting mechanisms of evolutionary plasticity [67] . In fact, almost all of the genetic differences between humans and other primates are a result of duplications, deletions, inversions and transformations [68, 69] . The unstable regions of human and higher primate chromosomes that generate CNVs, therefore, suggest "gene nurseries" that could play a major role in gene innovation and speciation [70] .
Genomic re-arrangement accounts not only for the occurrence of neurodevelopmental disorders and their heterogeneity but also for inter-individual genetic variability, the sine qua non for what is called evolutionary adaptability, or "evolvability" [71] . Genomic rearrangements through creation of novel fusion/fission genes, rather than single nucleotide mutations, has been proposed as the major driving force for hominid evolution [72] [73] [74] [75] . There are other processes of genomic transformation that are also salient to genetic variability and many if not most are also related to neurodevelopmental disorders. Genetic transformation as an agent of evolvability is necessarily associated with untoward consequences. Just as point mutations may have deleterious effects, so do genomic transformations. The neurodevelopmental disorders, therefore, are the consequence of evolvability.
Because genomic changes, especially rearrangements, have occurred at an accelerated rate during hominid evolution, I shall consider their salience in light of the major changes that distinguish human beings from the higher apes. Those characteristics fall into four categories: our intense and cooperative sociality, our creative intelligence and language as an agent of affiliation, and distributed intelligence. These three elements are properly considered in terms of evolutionary and theories of a social brain; they are particularly relevant to the problems of autism and schizophrenia. The fourth category is fine motor control and coordination, much more highly developed in humans than in any other animal, and essential for speech, tool-making, hunting, art and warfare. It is not a category I shall dwell upon but it is not irrelevant to the clinical state of patients with neurodevelopmental disorders.
The Co-Evolution of Socialization, Intelligence and Language
Four elements arose among the hominids during the 5 M years or so that separate humans from our closest primate cousins. They all exist, in rudimentary or stereotyped forms, among many animals, but they simply flourished during the evolution of the hominids. Their co-evolution occurred with extraordinary rapidity. The time line of the Cambrian explosion, when most major animal phyla appeared lasted more than 50 M years; contrast that to hominid brain growth from australopithecine to human in about 2 million years. Cooperative socialization, intelligence and language are not discrete evolutionary lines. Language is, in essence, a device for information transmission. Intelligence is an information storage and processing unit. The human brain is large enough to do a lot of processing and to store a great deal of data, but its capacity is finite. The capacity of 150 human brains is much better, so in pri-C. T. GUALTIERI
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mate societies it was a distinct advantage to develop what is called distributed intelligence. Society and culture are also information storage and processing units, but with a much higher capacity and a greater degree of flexibility than individual units. Intelligence, therefore, is not limited by the "skin and skull" of the individual, but also relies on the resources and materials in one's social environment [76] . Societies that are based on distributed intelligence require an efficient information-sharing system, and that is language. Over a span of 2 M years, therefore, socialization, language and intelligence coevolved, all related, all essential one to the other, and no one of them independent or autonomous [77] . No one can be said to be primary or secondary and no one was caused by any of the others. They came about together, and it is hard to imagine how it could have happened in any other way.
Compared to other mammals of equivalent size, primates have brains that are approximately twice as large, and the relative volume of neocortex (relative to the rest of the brain) correlates with the mean group size typical of that species. Larger group sizes correspond to larger neocortical volume [78] . Large brains, like large social groups, have certain advantages. But brains, like groups, are expensive in terms of resource consumption. In fact, brain accounts for eight to ten times more energy per unit mass than the average for the body as a whole [79] . There has to be some benefit, proportionate to the expense, to make a large brain worthwhile. In phylogenetic terms, the benefit is that bigger brains are more intelligent. Across the phylogenetic scale, social learning, innovation, and tool use frequencies are positively correlated with a species' relative and absolute neocortical brain volumes [80] . There is also a positive correlation between brain size and IQ in humans [81] . A number of researchers have argued that the increase in brain size is intimately linked to another distinctive feature of the primates: their intense sociality, and female sociality in particular [82] [83] [84] .
Although early explanations for hominid brain growth emphasized the brain's role in sensory or technical competence (foraging skills, technical innovations, and wayfinding), the balance of evidence now clearly favors the suggestion that it was the computational demands of living in large, complex societies that selected for large brains [85] . It has been argued that the increase in brain size was far in excess of what was required to flake rocks into tools, to hunt large animals and to find one's way around the savannah without getting lost. The size of hominid brains is well in excess of what is required just for environmental mastery. It must have been the "computational demands of living in a complex society" that drove selection for large brains. For example, in successful groups, competition has to be balanced with cooperation. One has to discern whom to trust and who is a faker. Individual decisions have to be responsive to decisions made by other group members. One's choices must serve not only one's own bioenergetic needs, but must also permit other group members to meet theirs [86, 87] . Thus the idea that brain and intelligence increased so robustly in so short a time because of the intense sociality of the hominids (Chance & Mead, 1953) [88] . This is called the social brain hypothesis [89] .
Different aspects of primate socialization have been emphasized and, inevitably, controversies have arisen [90] . For example, the Machiavellian intelligence hypothesis is based on the premise that animals living in permanent social groups necessarily compete for scarce resources, and successful competition involves the ability to 'out-wit' other group members [91] . If an individual can anticipate how another will behave in certain circumstances he or she will be able to manipulate or control the outcome. Many animals have evolved the capacity to deceive but primates engage in deception in a knowing way. Chimps, in particular, exhibit deceptive strategies that are uncannily human. This capacity has been suggested as the evolutionary origin for theory of mind. It is easy to imagine how Machiavellian intelligencecan trigger a cascade of increasingly elaborate cognitive counter-strategies. It reflects the cognitive demands involved in tracking a complex web of relationships through time and forming coalitions and alliances. The presumption is that primates are biologically prepared for forms of social engagement that require the mental representation of abstract concepts, like social bonds and alliances, in order to negotiate the social landscape [92] .
It is neither necessary nor compelling to consider the social brain hypothesis simply in terms of dominance and deception. Individuals in social groups compete for resources, it is true, and males compete for access to receptive females. Size and strength do not always win the day, at least among the chimpanzees; sometimes, smaller males will band together to win out, and one presumes they are the clever ones. But cooperative behaviors are not only favored because they enable a more efficient exploitation of others. Individuals in primate societies are also interdependent, and cooperation provides positive benefits for both donor and recipient. In fact, reciprocity and altruism are consistently met with in primate societies, even ours, although some academics are understandably slow to recognize this. In the games that evolutionary economists like to play on their unwitting undergraduates, strong prosocial tendencies are usually found to characterize human behavior: reciprocity, for example (an economically irrational willingness to cooperate in the absence of any personal incentives) and altruistic punishment (an economically irrational desire to punish miscreants at a cost to oneself) [93, 94] .
A consensus is developing to the effect that, for primates at least, the benefit of a large brain comes from the capacity to create and maintain complex societies that provide individuals with much more effective means for solving the problems of everyday survival and reproduction [95] . In fact, it is likely that cooperation, interdependence, altruism and reciprocity were not only conducive to the growth of brain size, but a necessary condition. This is illustrated by the obstetrical dilemma, the fact that a large-brained infant challenges the capacity of the primate birthing process [96, 97] . The pelvis of a bipedal primate only allows the passage of a small cranium, but if hominid females evolved a larger pelvis it would challenge the biomechanics of upright walking. If the human cranium is ultimately to contain a big brain, the infant must necessarily be born prematurely. Compared to other primates, therefore, the human newborn is twelve weeks premature. Alternative explanations have been proposed for the relative immaturity of the human infant [98] but the upshot is the same: even as the child's brain grows at an extraordinary rate in the first twelve months of life, his body is helpless, and the mother who takes care of him lives in a precarious state.
This event occurred during hominid evolution from the australopithecines. Lucy, whose fossilized skeleton was discovered in Ethiopia in 1974, walked upright, but she had the cranial capacity of a chimpanzee, about 400 cubic centimeters. It is believed that the australopithecines gave rise to genus Homo about 2 million years ago and the first hominid was Homo habilis, whose brainvolume was about 750 cc. Then there was Homo erectus, whose brain volume was about 900 cc, and then Home sapiens, about 1600 cc. As the hominid brain grew in size, the hominids themselves grew larger; they became fully bipedal and developed complex social structures, protolanguage, sophisticated tools, clothes to wear and, at some point, monogamous pair-bonding strategies. In short order they succeeded in peopling the Eurasian landmass at the same time their females and young were consigned to prolonged periods of helplessness and inutility. Another extraordinary cost generated by their big brains, and a cost that could only be met only by a group acting with mutuality and cooperation.
An insight on the evolution of large brains by Lindefohrs et al is the calculation that males and females exercise differential effects of brain growth [99] . As it happens, the relative number of males and females is different in different primate groups. Comparing brain volumes and the relative volumes of different parts of the brain, Lindefohrs demonstrated that the number of females in a primate group correlates positively only with the relative size of the telencephalon and especially with neocortical volume, but not with the volume of other major brain regions. In contrast, the number of males correlates positively only with the relative size of the diencephalon (which includes the limbic system and the hypothalamus). This concurs with evidence from genomic imprinting that neocortical size is inherited maternally, but the limbic system is paternally inherited [100] . The idea is that male and female brains have responded to different kinds of social pressures: females to social integration, males to male-male competition and fighting.
Hominid females were larger relative to males than subhuman primate females and human females are the largest of all. So presumably, our African Eve was better equipped to endure the risk of carrying a helpless infant; and better equipped, one supposes, to assert cooperation as a social value for the band [101] . She also insinuated a larger neocortex into her male and female progeny, with its particular capacity for prosocial behaviors: communication and understanding, reciprocity, planning and temporal processing. Primate sisters have always been socialized; cooperative care of the young, for example, is the rule among them. Among the hominids, the brothers were socialized as well. In the origins of our kind, social cooperation and inter-dependence co-evolved with a large brain [102] .
Runaway Evolution
The SBH assigns primacy to socialization in hominid evolution, while the nature of a positive feedback loop is that no one element has primacy but that each element responds to changes in every other. The essence of runaway evolution-and that is what occurred among the hominds-is a self-reinforcing process, a kind of genetic perpetual motion machine.
Runaway evolution is the persistent increase (or decrease) in a mean trait value; that is, with succeeding generations, a particular trait or collection of traits increases in strength by virtue of a positive feedback loop. Runaway processes in evolution were originally proposed by Fisher as a solution to a vexing problem in sexual selection, the female preference for male ornamentation-e.g., the peacock's train-that is so clearly disadvantageous from every perspective aside from attracting females. Fisher proposed that the evolution of odd mating preferences is self-reinforcing because the offspring of such matings inherit two characteristics: the capacity for elaborate sexual ornamentation from the father and a preference for same from the mother [103] . The process, however, is only successful when ornamentation indicates the individual's underlying fitness; he has sufficient resources to waste some on mere display. It is also creates new species rapidly by virtue of sexual isolation and phenotypic divergence of a population from its nonornamented and non-preferring relatives [104] .
With respect to something more transcendent than elaborate sexual display, that is, brain growth, the feedback loop is this: larger brains > more complex social groups > even larger brains [105, 106] . The analogy is that a large brain entails certain liabilities that are more than compensated by the individual's capacity for socialization, intelligence and communication. These, we must assume, are the qualities that hominid females preferred. Thus, once bands of hominids committed to cooperation in the care of immature infants and the provision of highenergy foods to nursing mothers, evolutionary success was driven by the quality of the interdependent relationships within the bands. A virtuous cycle, therefore, ora runaway process: higher intelligence required more supportive social structures which in turn stimulated the growth of intelligence.
It is not possible to assign primacy to one particular aspect of a congeries of evolutionary changes that occurred a million years ago. The fact is that they all happened-socialization, intelligence, communication and fine motor dexterity-and more or less at the same time. That their evolution is related to genomic transformations of various kinds is evidenced by a peculiarity of phylogenetics, where such events seem to be concentrated during primate > hominid evolution; and from medical genetics, where they are noted to occur in disorders of the social brain. That they are strongly interrelated is illustrated by the architecture of the social brain, which is predominantly mediated by overlapping and interconnected structures.
The Neural Architecture of a Social Brain
The social brain hypothesis, as a theory of human evolution, dovetails with social brain as an element of brain organization. Over the last two million years, the brains of our more recent ancestors increased greatly in size, especially in the prefrontal, posterior parietal, lateral temporal, and insular regions. Specialization of the two cerebral hemispheres for related, but different functions became pronounced, an event that was most pronouncedinthe development of language [107] . The social brain hypothesis in evolution relates the growth of intelligence and the differentiation of the hominids from other primates to affiliation and communication. The social brain in cognitive neuroscience instantiates this process.
The functions of the social brain have been variously divided but are more readily distinguishable in theory than in fact. That is because they are closely related; one must suppose that they co-evolved. The locations of those functions are widely distributed in the frontal, temporal and parietal cortices, the cingulum, and to a degree in the striatum and cerebellum; their cerebral addresses are largely overlapping. It is common to divide those functions into two broad categories, the cognitive (i.e., social cognition) and affective (empathy) and to maintain that the latter arose earlier in phylogenesis. The origins of empathy, however, were probably communicative, as a fast signaler of salient information among groups of small animals. The social brainmay be defined in terms of three operations: 1) Self-referential processing: I am an individual with thoughts and feelings;
2) Perspective taking: You are an individual with thoughts and feelings similar to my own; and 3) Empathy: A connection exists between me and thee comprised of thoughts and feelings.
The three operations of the SB are sometimes subsumed under different names: social intelligence was coined by Thorndike in 1920 [108] , who defined it as the ability to perceive one's own and others' internal states, motives and behaviors, and to act optimally on the basis of that information. Emotional intelligence is a closely related term and more recently, social cognition. Implicit in the terms is an individual's ability to be aware of and express emotions, to be aware of others' feelings, to establish interpersonal relationships and to manage and regulate emotions. Implicit also are the dual cognitive and affective orientations of the SB, which Adam Smith identified in 1759 when he distinguished intellectualized sympathy, the ability to recognize the emotional experiences of others, and instinctive sympathy, the ability to experience their mental state oneself [109] . In current research, the cognitive side of the SB includes theory of mind, social knowledge, attributions and cognitive empathy and on the affective side, emotional perception, processing and empathy [110] .
The first two operations of the SB are cognitive in nature, although they also play a role in generating or modulating emotional responsiveness. They are well-defined in terms of cortical circuitry, while the third operation, empathy, is a more distributed system involving cortical and subcortical regions [111] . The first operation, selfreferential processing, is self-awareness, one's "narrative" or "autobiographical self". It also happens to represent the "default" mode of brain activity, that is, a system that is most active in the brain when it is at rest. When one engages in goal-directed activity-when one is doing something-the metabolic activity of the dorsal-medial PFC actually goes down. What it is said to be doing during this down-time is "processing elements that are integral to aspects of the self" [112] . The second operation of the social brain is perspective-taking, the ability to appreciate that another individual is thinking or feeling and his motivations for what he is doing. Theory of mind, believed by some to be a central deficit in autism and impaired in many other neuropsychiatric disorders as well, is the second operation.
The first two operations of the SB reside incortical midline structures, the medial PFC and posterior cingulate/precuneus. Self-referential processing occupies thedorsal medial PFC [113] [114] [115] [116] [117] . Perspective taking is also concentrated in the medial PFC, but in a ventral position [118, 119] . The two frontal regions that are involved with self and other, therefore, are very close and tend to work together, although the dorsal region is more active when one is thinking about oneself, and the ventral regions when one is thinking about others. The parietal lobes also contribute to social cognition. The PL participates in self-awareness and perspectivetaking, although in a different dimension. Because they are close to visual association areas, their particular functions in self-and other-awareness are largely spatial in nature-where one is in space, and where one's various parts are in space. They are also occupied with agency: self-agency is knowing when we are doing something ourselves and external agency is knowing that someone else is doing it. In functional imaging studies, subjects contemplating themselves performing an action activate their left PL. When they contemplate the same action performed by a third person, they activate the right [120, 121] .
Not only are the PFC and PL the newest parts of brain in evolutionary terms, but they are the most active and energetic part of the brain in metabolic terms. In bioenergetic terms, they are the most expensive part of brain to maintain. They share their domicile in the cerebral cortex with the functions of reasoning, the executive functions and working memory and also with our most important regulatory apparati. The regulation of emotion, the entraining of physiological functions like heart rate and respiration and even the secretion of endocrine hormones are also governed by the same structures that are believed to comprise the frontal and parietal regions of the social brain. Since these areas have shown "disproportionate expansion in recent evolution" [122] . One may be forgiven for believing they are still in the betatesting stage. Think of them as Evolution's latest and greatest new technology and you won't be surprised at how prone they are to programming errors.
Of the three operations of the SB, the first two, selfreferential processing and perspective-taking, are largely cognitive in nature while the third, empathy, is more affective. Empathy resides in phylogenetically older brain regions, and during evolution it has evolved, first as a system for communication and then as an agent of affiliation.
Empathy is an individual's capacity for shared emotion, the ability to feel what someone else is feeling, as if it were happening to himself. Empathy isn't an emotion per se, but rather a function that allows a person or an animal to mirror the emotional state of a conspecific. Empathy is such an essential function, at least for social animals, that it is proper to think of it as an instinct, as Adam Smith did. Human beings aren't much given to instinctive behaviors, but empathy can be considered an instinct because it is automatic, it doesn't require conscious processing, it's something we are born with and it is necessary for our survival as individuals and as a social species.
In contrast to the cognitive operations of the social brain empathy is much older. It is the only operation that reliably occurs in lower animals. Self-referential processing has been observed in chimpanzees, but inconsistently. Chimps may also possess theory of mind, and much has been made of their Machiavellian behavior; like their capacity for learning sign language, however, it is a rudimentary ability compared to humans. In contrast, there are numerous observations of even small mammals and birds showing empathy for their fellows. A group of mice, for example, seeing one of their number being dealt with harshly, will exhibit signs of personal distress. Emotional contagion, a primitive manifestation of empathy, is common among mammals and birds.
Empathy then is a phylogenetically older system and one assumes that it is a simpler system because it happens more quickly than the cognitive operations of SB, it is often involuntary and virtually instinctive. If one refers to it as a "simpler" system, though, that is not reflected by the demonstration of clearly defined circuitry. Unlike the first two operations, residing in circumscribed regions of the PFC and PL, it has not been possible to identify an empathy circuit in human or animal brain. It's simplicity is reflected by its close association with emotional perception per se. The expression of emotion is an efficient communicator that entails the concomitant development of an emotional receiver; in humans, this is experienced as empathy. One might think of empathy as an emotion receiver, or, better, an emotion resonator. It exists to capture the signals emitted by an organism on the emotional channel.
Feelings and emotions are signaling devices in the brain; feelings are internal signals, like the pain one feels when she touches a hot burner. Emotions are external signals: saying, Ouch, and wearing a pained expression on one's face. In consequence to that painful feeling, one emits a signal by expressing the appropriate emotion [123] . The feeling of pain is a fast operator, an extremely efficient communication device, and it signals the appropriate action step-hand withdrawal-without seeking permission from one's PFC.
The neural basis for empathy is subcortical as well as cortical, comprising a distributed system with perceptual modes operating in parallel and identified with the sensory apparatus in general and with emotional perception in particular. The perception of a social/emotional event activates the primary sensory areas but then proceeds to highly specialized association areas. Wernicke's area, for examplein the posterior superior temporal gyrus (and possibly also the posterior middle temporal gyrus) and can initiate the decoding of phonemes with amazing facility (20 -30 phonemes in a second) [124] . In the superior temporal sulcus there is a collection of regions that are activated in response to biologically and socially salient visual motion stimuli [125] . In monkeys and humans, the STS is activated by movements of the eyes, mouth, hands and body, suggesting that it is involved in the analysis of biological motion [126] .
Functional imaging studies have also found responses to static faces specifically in the fusiform gyrus. Perception of invariant features of faces, such as identity, relies heavily on the fusiform gyrus, whereas perception of changeable aspects of faces, such as gaze and expression, relies more on regions in the STS. The representation of invariant aspects of faces underlies the recognition of individuals, whereas the representation of changeable aspects of faces, such as eye gaze, expression, and lip movement, underlies the perception of information that facilitates social communication. Neural systems for other cognitive functions can be recruited to act in concert with the regions in the core system to extract meaning from faces [127, 128] .
The subsequent analysis of socially relevant stimuli is believed to occur in the amygdala and orbitofrontal cortex. The principal function of the amygdala appears to be the linking of perceptual representations to cognition and behavior on the basis of the emotional or social value of the stimuli. Structures in close proximity to the amygdala, such as temporal polar cortex and perirhinal cortex, also contribute to social cognition [129] .
Social perception is "embodied" in mirror neurons residing in the ventral PFC and inferior PL [130] . It is assumed that the mainfunctional role of parietofrontal mirrorneurons is to understand motor acts performedby others in an automatic way, that is, by matching them to one's own motor repertoire [131] . Evidence has also accrued, however, similar neural circuits are stimulated when humans experience emotions and when they perceive others expressing emotions. The anterior insula, for example, is activated in response to the sight of disgusted facial expressions of others as well as by the first-handexperience of disgust [19, 132] . When participants are required to observe or to imitate facial expressions of various emotions, increased neurodynamic activity is detected in the STS, the anterior insula, and the amygdala, as well as in areas of the premotorcortex corresponding to the representation of faces [20, 133] . Another study showed that the observation of everyday hand and face actions performed with an emotion recruits regions involved in the perception and the experience of emotion and/or in communication [21, 134] . The authors of that study speculate that, inaddition to inducing resonance in the motor program necessary to execute an action, watching an actionperformed with emotion induces a resonance in the emotional system responsible for the affective modulation of the motor program. Such a mechanism could also be a key to understanding how the other person feels and to his or her associated intentions [135] . Clinically, some functional deficits typical of autism spectrum disorder, suchas deficits in imitation, emotional empathy, and attributing intentions to others, have a counterpart in the functions of the mirror system. Evidence of an involvement of the mirror system in autism has been repeatedly reported in recent years [136] [137] [138] .
Two midline structures, the anterior insula and anterior cingulum, are involved in emotional processing in general and empathy in particular. They contain a unique population of neurons-large spindle neurons-whose function is not yet understood very well. The density of these neurons is highest in humans, next highest in chimpanzees, lower in other apes, and absent in all other species, correlating well with phylogenetic relatedness. Their size and location and the nature of their interconnections enable fast, complex and highly integrated emotional behaviors [139] . They connect different regions that are spatially distant in large brains; possibly, they participate in the integration of sensory, cognitive, and motivational information that is a hallmark of anterior cingulate cortex function [140] . The neural networks that mediate emotional resonance are also closely interconnected with the cognitive parts of the social brain in the PFC and PL.
The neural basis for empathy suggests a basis in sensorimotor intelligence; it is not only diverse and distributed, but exhibits a degree of redundancy that is essential for learning and for social communication and, ultimately, affiliation.
Empathy originated as a mechanism for emotional communication but evolved to become the agent of emotional connectedness, and that is supposed to have arisen in the context of parental care. The cries and whimpers of baby animals, like the smiles and crying of human babies, evoke a virtually immediate response from parents. This capacity for emotional resonance is the second oldest component than the social brain. It was born as a danger signal among the animals. Then it was refined during the long course of evolution and the selfless care of helpless young. It came to be applied outside the context of childrearing and became the basis for our wider network of social relationships. We can say, therefore, that empathy is essential for the regulation of social interactions, coordinated activity, and cooperation toward shared goals [141] . Charles Darwin, who wrote before the word "empathy" was even coined, conflated it with moral sense or conscience.
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social instincts, would inevitably acquire a moral sense or conscience, as soon as its intellectual powers had become as well-developed, or nearly as well developed, as in man [142] .
Empathy is the agent of affiliation. We feel empathic towards people to whom we are connected. We feel connected to people with whom we empathize. We develop connections to people with whom we share experiences, and the more intense emotional experiences generate stronger connections. Events that excite emotional resonance, whether they are positive or negative, arouse a sense of connectedness to the persons with whom we shared the experience. The affiliations that humans cultivateoccuron the basis of shared emotions and experiences. Affiliation in the sense of belonging to an organization is only a fragment of what the stem means. The Greek word philia conveys friendship, social sympathy, fondness and appreciation for a friend; doing kindnesses; doing them unasked; and not proclaiming the fact when they are done (Aristotle, Rhetoric, II.4).
Affiliation is expressed in clinical matters as relatedness, an individual patient's capacity for mutuality, his ability to interact with other people in a reciprocal way. Autistic children, for example, have a paradigmatic deficit in relatedness. They may be very sweet, and most of them like to be petted or stroked or dealt with gently; they are not automatons. But they are decidedly unempathic. It doesn't matter to an autistic child who is doing the stroking or petting. It is perceived as a pleasant sensation, not as an expression of affection or relating. In the same vein, an autistic child prefers to be at home, but not because it is the heart of the family, but because it is familiar.
The Trait of Evolvability
The structure and functions of the SB reflect the coevolution of cooperative socialization, intelligence and language. The social brain in evolution has a neural substrate comprised mostly of cortical structures. They are contiguous to or overlap with frontal, parietal and temporal regions that mediate language and that account for the more important aspects of general mental ability. The driver of social brain evolution was a dynamic genome within which various mechanisms, including genetic rearrangement, were conducive to genotypic variability and phenotypic variation. The consequence was an unusual clade evolving not for the purpose of adaptation to a specific niche but rather for adaptability to a range of challenges. The elements that contributed to hominid adaptability-social cooperation, flexible intelligence and effective communication-became in their own right the agents of persistent and ongoing selective pressure.
One must distinguish between adaptability from adaptation; in quantitative genetics the equivalent terms are variation and variability. Variation is a property of a collection of items that can be observed, while variability is a dispositional concept that describes the potential or propensity to vary [143] . A dynamic genome is a highly variable one because it generates a large number of phenotypic variations in a comparatively short period of time.
In this light, adaptation is the observed consequence of natural selection, having generated an organism able to thrive in a particular environment. Such adaptations may be successful for hundreds of millions of years but they are, by definition static events. Adaptability, on the other hand, is a dynamic trait; it is the capacity for an organism, a species or a clade to continuously adapt. In the terms of evolutionary genetics, evolutionary adaptability is known as evolvability. Evolvability has been defined in different ways, but in essence it is an organism's capacity to develop heritable phenotypic variations [144] . It requires a genome with the capacity to generate intergenerational and inter-individual variability [145] . Selection pressures "choose" among phenotypic variants that are better adapted to the environment generating those pressures. During hominid evolution, one can say that selection "chose" the trait of adaptability. That, after all, is what a large, intelligent brain does. It is eminently adaptable. It is also driven to select for the trait of adaptability. This is an example of runaway evolution [146] .
Evolvability, therefore, is more than a dispositional concept but is actually a trait in its own right. In the special case of hominid evolution, evolvability has been both an independent and a dependent variable. It is not only a general characteristic of our lineage that promotes variation, but it also represents, in itself, a trait that is selected for. The evidence that evolvability itself has evolved comes from many sources, but mainly from the fact that both mutation and recombination rates vary across species or clades and are influenced by the genetic makeup of an organism. They are not just the passive consequences of external factors such as the level of background mutagenic radiation but rather an internal factor that influences the occurrence and impact of genotypic variability. The evolvability of a species is said to be determined by constraints on its "phenotypic space". The makeup of the developmental system of a species, such as having an exoskeleton or an endoskeleton, limits or expands the phenotypic space the descendants of that species can occupy. For example, given the insect bauplan, there are strict limits to the evolution of body size because of the allometric relationships that affect the shape of various organs. The major transitions in evolution clearly affected the evolvability of all descendant clades; consider, for instance, the enormous new volumes of phenotypic space that were opened up by the transition C. T. GUALTIERI
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171 from prokaryotic cells to eukaryotic cells; from unicellularity to multicellularity; skipping a few steps, from the concentration of peripheral ganglia to a rostrally-positioned brain; and ultimately from a brain sufficient to meet an organism's instrumental needs to a brain designed for adapatability in a social context [147] .
Mechanisms of Transformation
Evolvability is proportional to genetic variability and phenotypic variation. It is defined in terms of an unstable and mutable genome which cannot be achieved by the mutation of single genes alone. If mutational events that directly affected genomic, protein-coding sequences were the only available molecular mechanism to generate new variants, adaptive evolution would be ponderous and slow [148] . Evolving hominids would still be waiting for such successive mutations to occur, none of which could enhance fitness without the others, or else there would have to be the improbable event of a bout of massive simultaneous mutations [149] . In order to understand the evolvability of social brain in the hominid lineage one must look for dynamic mechanisms that increase genetic variability. Genetic rearrangement by duplication and deletion is only one of many ways the genome exercises variability and evolvability. There are many others, some that are ubiquitous and others that occur in animals but rarely in plants, others that occur with higher frequency in mammals and still others that are concentrated in higher primates. It is remarkable how frequently transformations of the latter class are associated with neurodevelopmental disorders, especially conditions that affect the development of the social brain.
Phenotypic diversity can be a function of differences in where and when genes are expressed, rather than just the products that the genes encode. [150] Thus, changes in the gene regulatory machinery are also a creative force in morphological evolution [151, 152] . In fact, differences in gene expression are probably the real divisor between humans and chimpanzees; our genes are largely the same but the difference is accelerated gene expression changes in the human brain [153] . Genes involved in brain development have a higher tendency to be under positive selection between macaques and humans than between mice and rats [154] [155] [156] .
The regulation of gene expression involves many different regulatory factors, including the combinatoric actions of transcription factors and other regulatory proteins. Levels of RNA and protein are regulated by transcription and translation, respectively; whether a messenger RNA molecule is translated into protein or not often depends on the presence of RNA-binding proteins that regulate translation. This is a likely mechanism for regulating temporal and spatial patterns of gene expression.
The Fragile X syndrome, for example, involves abnormal dosage of an RNA-binding protein. Hypermethylation of the expanded CGG repeatsin the 5' untranslated region of the gene FMR1 causes transcriptional silencing of FMR1 [157, 158] . With a full mutation of >200 repeats, the result is mental retardation, certain physical characteristics, autism and epilepsy. In an animal model of the FXS, FMR1-null mice have abnormal maturation and pruning of dendritic spines, resulting in dendriticspine morphology similar to that observed in the cortex of patients with FXS [159, 160] .
Gene expression is modified also by posttranscriptional alterations of messenger RNA by alternative splicing, editing, polyadenylation, localization, transport, or stability [161, 162] . There are also forms of RNA that do not code for proteins, the short and long non-protein-coding RNAs, that affect the epigenetic regulation of gene expression [163] . Although the function of most ncRNAs is unknown, it has been suggested that they regulate protein-coding gene expression at both the transcriptional and posttranscriptional level, perhaps by modifying a complementary messenger RNA, by interacting with large histone complexes or complementary DNA sequences, or acting completely independently with no obvious partners [164] .
Genetic and epigenetic mechanisms create extraordinary variability allowing the organism to explore a wide range of new variations [165] . Non-coding RNAs can be stimulated by electrical activity in neurons, for example, and such processes are implicated in experience-dependent modulation of neural networks via synaptogenesis and synaptic plasticity. The development of dopaminergic neurons from neural stem cells involves no fewer than 35ncRNAs that are differentially expressed between progenitor and mature states [166] . Non-coding RNAs have also been associated with schizophrenia [167] and the Prader-Willi syndrome [168] . Processes of this kind may explain why more overt signs of autism do not manifest until a later "critical period" of cognitive development and why schizophrenia is largely a condition that arises in late adolescence or early adult life. Such regressions may also account for the inability of neurons and neuronal circuits to properly adapt to environmental stimuli [169] .
Another condition associated with altered dosage of an RNA-binding protein important for the processing of small ncRNAs are the 22q11.2 deletion and duplication syndromes. Individuals with The 22q11.2 deletion syndrome-the loss of the q11.2 region from one copy of chromosome 22-have highly variable phenotypes, including the phenotypic constellations that are typically associated with DiGeorge (velocardiofacial) syndrome. Developmental and neuropsychiatric phenotypes asso-ciated with the 22q11.2 deletion syndrome include developmental delay, learning difficulties, epilepsy, hyperactivity, anxiety, autism, obsessive-compulsive disorder, bipolar disorder and schizophrenia [170] [171] [172] . In fact, the 22q11.2 deletion conveys the strongest DNA-based risk factor identified so far for developing schizophrenia [173, 174] .
Gene expression exhibits stochastic properties that cause genomically identical cells to vary in the expression levels of individual genes [175, 176] . Such fluctuations in gene expression profiles have been linked to fast adaptation of organisms to their environment [177] . However, in some cases the pool of cryptic variation generated through epigenetic events, such as minor RNA splice forms or translational mutations [178] , can form a basis for long-term adaptation [179, 180] . Gene-specific silencing mechanisms such as RNA interference can persist for generations after interference. "Transgenerational environmental effects" on phenotypic variation can occur when environmental factors and genetic variants in previous generations create an epigenetic state that persists across generations in individuals who are not directly exposed to that environment or who do not inherit the original genetic variant. In some cases, environmental exposures lead to heritable epigenetic changes [181, 182] .
The inheritance of acquired characteristics is the discounted premise of Lamarckian theory. However, there appears to be an alternative mode of inheritance called epigenetic inheritance, which occurs when phenotypicvariations that do not stem from variations in DNA base sequences are transmitted to subsequent generations of cells or organisms. Transmission can occur not only through RNAs, but also by virtue of chromatin marks, including DNA methylation, imprinting and reconfiguration of histones, through self-reconstructing three-dimensional structures (e.g., prions) and self-sustaining feedback loops, metabolic circuits through which different patterns of activity can be maintained and based on transcriptional regulation or protein self-processing [183] . Epigenetic inheritance might allow genetic variants that do not change the mean phenotype to change the variability of phenotype. A heritable genetic mechanism for variable methylation, the loss or gain of CpG dinucleotides over evolutionary time provides a powerful mechanism for evolutionary adaptation in changing environments that can be mediated epigenetically. The density of CpG islands may vary between individuals due to genetic polymorphisms, presenting an inherited basis of variably methylated regions (VMRs). Epigenetic variationat VMRs influence variation in the expression of nearby genes, which can give rise to large stochastic variability in phenotypes under a given genetic background [184] . This type of genetically inherited stochastic variation may provide a powerful mechanism for evolutionary adaptation to variable environments [185] .
There are transposable elements, like retroposons, mobile elements that encode the capacity to move within or among genomes and that account for the expansion of the primate genome over the past 50 M years; the human genome continues to significantly expand due to shifts in retrotrans position activity. One transposable element moves by encoding an mRNA that is reverse-transcribed and inserts elsewhere in the genome. Another excise from its original site and inserts elsewhere [186, 187] . Yet another is found at the boundaries of segmental duplications and may actually induce that process [188, 189] .
A host of mechanisms have been identified that transcend Mendelian heritability and that account for the diversity and robustness of evolution. Doubtless others will be uncovered in the future. Genomic transformations resulting in alterations from normal gene copy number are only one of many, but they happen to be relevant to the issues at hand: the diversity of the neurodevelopmental disorders and the unique status of autism and schizophrenia as disorders of social brain. They are not the driver of primate evolution, but they have participated in that event by virtue of the variability/adaptability they confer on the genome. So also other potential drivers of primate evolution should share this characteristic namely, flexibility and efficiency in generating phenotypic variations upon which selection may operate. It is this capacity, to expand the genome to generate heritable, selectable phenotypic variation, that confers "evolvability", or evolutionary adaptability.
The HHLRS Problem
For such thinking to win credit as a theory it must be conducive to understanding events beyond its component premises: that genomic rearrangement is a process conducive to rapid evolutionary change and substantial inter-individual re-arrangement; that the process has been more robust during primate > hominid evolution; and that its effects are pertinent to the development of socialization, intelligence and language. The first line of support comes from the association between CNVs and neurodevelopmental disorders, all of which have an impact, to a variable degree, on social relating, cognition and communication. The second is the diversity with which duplications and deletions are manifest, pathologically, and how that is concordant with the clinical, genetic and neuropathological diversity of the neurodevelopmental disorders. There is one more: the HHLRS problem. That is the puzzling fact that autism and schizophrenia are highly heritable but are also associated with low reproductive success. Theoretically, they ought to have gone extinct a long time ago. But they persist. Why?
Natural selection posits that a trait, or its underlying genes, has to confer selective advantage in order to sur-vive. A genetic disorder, therefore, will only persist if the genes related to the disorder 1) convey advantages in terms of survival or reproduction (genetic polymorphism) or 2) are linked to other genes that have an advantage (pleiotropy) [190, 191] . One assumes, therefore, that there is some trait embedded in the autistic (or schizophrenic) genome that is advantageous to individuals who do not express the full phenotype. These ideas have been ardently pursued by students of autism and schizophrenia, but in neither case have they been able to identify what that trait may be.
With respect to autism, the occurrence of autistic styles of thinking in the first degree relatives of autistic individuals suggests traits like hyper-systematizing, preference for visuo-spatial relationships and detail-focused processing are adaptive, not only for individuals, but as we learned from the accomplishments of scientists and artists with autistic traits, for the distributed intelligence of society. If autism were a single-gene disorder, this observation would suggest heterozygote advantage. Since autism is a polygenic disorder, it suggests a Gaussian model, with traits for autistic thinking normally distributed in the population, but at the tail end of the curve the hyper-systematizers cluster, and beyond a certain threshold of expression lie the autists. An alternative view is a "cliff-edge" distribution; as genes or traits accumulate, they confer increasing advantage, but beyond a certain point, the edge of the cliff, there is a dramatic fall-off in fitness [192] .
On the other hand, in the case of autism there is ample evidence of heterozygote disadvantage: high rates of language-based learning disability are found in non-autistic monozygotic co-twins (Folstein and Rutter, 1977) and there are high rates of social and communication deficits and stereotyped-repetitive behaviors in parents, aunts and uncles, and grandparents of autistic individuals [193] . Further, the parents of more than one autistic child have higher rates of particular personality characteristics (rigidity, aloofness, hypersensitivity to criticism, and anxiousness), speech and pragmatic language deficits, and more limited friendships [194] . Such qualities are unlikely to confer reproductive advantage.
With respect to schizophrenia, a common answer has also been that the schizophrenic genotype is subject to some kind of balancing selection: the benefits thus conveyed have to outbalance the destructive consequences of the disease itself [195] . In this vein, many authors have suggested that associated traits or underlying genes are advantageous; these, they say, are illustrated by the unique characteristics of psychotic individuals, that were perhaps more valued in ancestral times; or by the more general characteristics of their relatives who carried a smaller burden of the schizo genotype. They have proposed that psychotic individuals may have been charismatic leaders or shamans [196] , for example, or that their lower threshold for threat perception was useful in a time when life was nasty, brutish and short [197] . The relatives of schizophrenic individuals had increased fertility [198] , more resistance to disease [199, 200] or artistic creativity [201] . Schizophrenia, a single gene disorder it was proposed, was the price humanity had to pay for the gift of language [202] . Speculations of this kind are based on the assumption that the basis of psychosis is to be found in phenotypic variations, something that natural selection can select without a microscope. Their signal lack of success belies the assumption [203] [204] [205] [206] .
Explanations for the HHLRS problem have therefore been sought on the microscopic level. These have been more fruitful. For example, the cliff-edged fitness model was proposed to explain the persistence of schizophrenia by virtue of a link to synaptic pruning. Pruning, the selective elimination of weak neuronal connections, is a normal developmental process that occurs predominantly throughout childhood and adolescence. The elimination of little-used synapses improves mental efficiency; however, excessive reduction of synaptic connectivity (overpruning) may result in spontaneous and autonomous cerebral activity, causing hallucinations and other positive symptoms [207, 208] .
Burns proposed a model based on genetic pleiomorphism: that the genes for schizophrenia were associated with genes regulating the development of complex cortical connectivity, especially with respect to the social brain. Because these regulatory genes were advantageous during hominid evolution, then the genes for the disorder would persist by virtue of their association with the adaptive genes [209] . His theory proposed a series of "trade-offs" between brain growth, complex cerebral interconnectivity and specialized neural circuits to regulate social cognition on the one hand and the anatomical constraints on fetal brain size. The solution was the expanded function of heterochronic genes that allowed brain maturation to occur over a long span of time.
This meant that the human brain, with its complex and recently evolved circuitry, became increasingly susceptible to complex gene interactions and/or genetic insults. This susceptibility was the trade-off for the advantages gained in social cognition [210] .
A second trade-off occurred when genetic changes in some individuals resulted in aberrant connectivity in cortical circuits, If the genes for schizophrenia were in some way intimately associated with genes regulating the development of complex cortical connectivity, and if these regulatory genes were advantageous during hominid evolution, then the genes for the disorder would persist by virtue of their association with the adaptive genes. Thus, schizophrenia would represent a trade-off in the evolution of the highly organized brain of modern Homo sapiens (p. 832).
Burn's theory emphasizes social brain evolution as the setting event and cortical connectivity as the neural substrate for the inter-individual variation and there is ample evidence for both contentions in schizophrenia, autism and other neurodevelopmental disorders. However, the essence of the theory remains pleiotropy, that is, that genes predisposing to schizophrenia are linked to the activity of regulatory genes which exercise a beneficial effect, as if they were genomic hitch-hikers. A contrasting view is polygenetic mutation-selection balance, which begins with the premise that predisposition to mental disorder has no selection advantage. Rather, inheritance of mental disorder is fueled by deleterious mutations, rare at individual loci but ubiquitous in genomes. Since more than half of all human protein-coding genes are expressed in brain tissue neural systems capture a large amount of mutational variation. This is consistent with the prevailing assumption that neural systems supporting mental processes and behavior are under polygenetic control. The mutations in question necessarily include genomic transformations like CNV's, which are under strong negative selection pressure and persist, as a rule, for only a few generations and which are continually replenished by virtue of high mutation rates [211, 212] .
Polygenic mutation selection balance is a likely evolutionary explanation for the maintenance of genetic variation for psychiatric disorders with low reproductive success. It explains how fitness-reducing genetic variation is maintained in the population; harmful transformations are under negative selection but variation persists because the removal of alleles is balanced by the occurrence of new transformations in the population [213] . Harmful mutations are removed from the gene pool at a rate proportional to their effect on fitness. Yet, novel mutations occur all the time [214] [215] [216] [217] [218] . It is common to say that the neurodevelopmental disorders are polygenic, referring to the concomitant but diverse actions of multiple genes of small effect. It may be more precise to refer to them as "polymutational".
Evolution of the modern human brain seems to have arisen during the cultivation of unstable regions in the genome that were conducive to a high degree of interindividual and inter-generational variation. Because the impact of genetic rearrangement has been most notable during human evolution, the phenotypic variations that result are most likely to occur in gene loci that mediate functions that are uniquely human. Thus, our genome is disposed to generate a high degree of variation in the neural substrates that govern the social brain; a partial list would include neuronogenesis and neuronal migration, the growth of axons and dendritic sprouting, synaptogenesis and synaptic pruning, the timing at which such events occur and their resilience in the face of untoward environmental circumstances. The consequence of even small aberrations in one or more of these processes-the "watershed" model [219] -is most likely to be manifest in the functions of the social brain; a partial list to include, self-referential processing, perspective taking and the dual components of empathy. Also language, including phonological processing, which comprises the ability to decode sensory data with astonishing speed and facility; semantics and syntax, which involve the manipulation of abstractions; and pragmatics, which involves the second operation of the social brain. Also, intelligence, which involves, among other things, the fast and efficient processing of perceptual data in the service of comprehension and goal-directed behavior. The extraordinary fine motor dexterity of the human being should also be included in the list. The trade-off is that a dynamic genome can rearrange itself in untoward ways, and when it does, the consequences are felt in one or more of the functions listed above. The occurrence of neurodevelopmental disorders, therefore, ranging from the learning disabilities and ADD to autism and schizophrenia, are epiphenomenal to a genome that is unstable and mutable. The selective advantage of such a genome is the runaway evolution of positive prosocial and intellective traits.
In autism and schizophrenia, theories have posited a "core" dysfunction in social brain [220] [221] [222] [223] , in communication [224] [225] [226] and cognition [227, 228] . Such theories have suffered for concentrating on one particular component of human brain evolution, while, in fact, the three components co-evolved and continue to operate in concert. Nor can a core dysfunction account for the heterogeneity of the patient populations. If there is a core to the pathology that emerges in autism and schizophrenia, it is at the genomic level, and is probably related to the unique evolvability of the human genome. Genetic transformation as an agent of evolvability is necessarily associated with untoward consequences. Just as point mutations may have deleterious effects, so do genomic transformations. The neurodevelopmental disorders, therefore, are the consequence of evolvability.
Is It a Theory?
If this argument is a theory, it should make additional predictions that can be tested. For example, one might predict that the search for autism or schizophrenia genes will continue to identify multiple genes of small effect. The genetic basis for the disorders, however, will be found in the mechanisms that promote genomic transformation, or the identification of regions of particular instability. Both conditions are highly heritable, but many sporadic cases arise; therefore, some members of the human population may be more prone to sporadic dis-eases than others, depending on the structural variants in their genome [229, 230] .
Since schizophrenia and autism have in common prominent effects on social relating, cognition and communication, the multiple genes associated with those conditions should have at least a degree of overlap. This appears to be the case [231] . But since they are very different conditions in so many ways, we should expect to discover essential differences, not only in the genes but also in the mechanisms of genetic transformation that occur and/or the size and location of unstable regions in the genome.
Current research in schizophrenia and also in autism has addressed the issue of endophenotypes, that is, a phenotypic trait that underlies the condition and that also occurs in first-degree relatives who are not afflicted but not in normal controls. The problem with this line of research thus far is that many of the characteristics proposed as endophenotypes are also discovered in other neuropsychiatric conditions that are not schizophrenia. The prediction is that this will continue to be the case. CNVs, after all, are endogenotypes, but the CNV's associated with schizophrenia are met with also in family members with diverse conditions [232] .
